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Black sediment veins up to 2 cm width penetrate the Caledonian Helmsdale Granite in the vicinity of the
Helmsdale Fault, onshore Moray Firth. The black colour and geochemistry of the veins reﬂect a high
content of organic carbon. Both Devonian and Jurassic shales are conceivable available sources, but
sterane compositions relate the organic matter to the Jurassic shales. A content of extractable organic
matter higher than in the shales suggests that the carbon in the veins represents oil rather than me-
chanically mobilized shale. The oil was present during sediment vein emplacement. The veins were
emplaced forcefully, which may reﬂect high ﬂuid pressure associated with post-Jurassic movement on
the Helmsdale Fault.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The veining of granitic basement rocks by sediments, especially
sandstones, is well documented (Bouillin and Bellomo, 1990;
Bouillin et al., 1997; Katzung and Obst, 1997; Siddoway and
Gehrels, 2014). In most cases the veins appear to be passive inﬁll-
ings of brittle fractures in extensional settings, classically described
as 'neptunean dykes'. Along the Helmsdale Fault, Sutherlandshire,
UK, black sediment veins in the Caledonian Helmsdale Granite
were noted brieﬂy by Bailey and Weir (1932). Despite intense
geological study of this region on the onshore margin of the
hydrocarbon-bearing Moray Firth Basin (extensive literature
reviewed in Macdonald and Trewin, 1993; Cox, 2001; Trewin and
Hurst, 2009; McArthur et al., 2013), the age and signiﬁcance of
these veins have been unexplored. We use a combination of
petrographic, organic biomarker and sulphur isotope analyses to
characterize the type and source of the organic matter in the veins,
and assess the mechanism and timing of their emplacement.2. Geological setting
The coastal outcrops at the north western margin of the Morayr Ltd. This is an open access articleFirth expose the Devonian Helmsdale Granite, Devonian sediments
and Jurassic sediments, the latter including the much-studied
Helmsdale Boulder Beds (Fig. 1). These rocks lie adjacent to the
Helmsdale Fault (Figs. 1 and 2), a splay off the Great Glen Fault. The
Helmsdale Granite was exhumed rapidly after emplacement, and
weathered to form a regolithic surface that passes almost imper-
ceptibly upwards into a veneer of coarse Devonian sediment
composed of granitic detritus. To the north of Helmsdale in Caith-
ness and to the south in Ross-shire a more extensive Devonian
sequence includes lacustrine rocks, some with hydrocarbon source
rock potential. The granite and Devonian rocks are separated by the
Helmsdale Fault from a Jurassic marine succession that includes
sandstones, mudrocks with source rock potential, and boulder beds
interpreted to represent submarine sliding during active faulting
(Menzies and Whiteman, 2009; McArthur et al., 2013). The Jurassic
boulder beds include clasts of Devonian lacustrine rock, interpreted
to indicate Devonian source rocks deposited nearby but since
removed by erosion (Marshall, 1998). Thus, both Devonian and
Jurassic sedimentary successions are plausible origins for hydro-
carbons in the region. This is reﬂected in the attribution of regional
hydrocarbon shows to alternatively Devonian (Marshall, 1998) or
Jurassic (Underhill, 1991) sources, based on different in-
terpretations of burial history, or to a mixture of both sources based
on biomarker evidence (Peters et al., 1989, 1999).
Veined granitic basement is exposed in the footwall of the fault
on the foreshore to the north of the mouth of the Allt Briste, aunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Simpliﬁed maps of (A) regional geology in northern Scotland, and (B) Jurassic outcrop near Helmsdale, and location of veined granite at Allt Briste and shale samples. Granite
intrusions omitted from map A for clarity. Minor Jurassic outcrops occur at Eathie and Shandwick. Detailed map after Wignall and Pickering (1993) and Cox (2001). National Grid
Reference co-ordinates shown in map B. AB indicates Allt Briste locality.
Fig. 2. Schematic cross-section through Helmsdale Fault Zone in vicinity of Helmsdale
(after Peters et al., 1999). Organic matter was sampled in Jurassic shales, and clasts of
Devonian shales in the Jurassic boulder beds.
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reported both white and black sediment veins, and that the black
veins cross-cut the white veins, but gave no further pertinent de-
tails. The granite is overlain unconformably by a variable thickness
of up to ~10 m of breccia-conglomerate-sandstone of assumed
Devonian age (Fig. 2). Across the Helmsdale Fault over 10 m of
Jurassic sediment youngs seawards. The fault zone is intensely
fractured, sheared and veined with siliceous and calcareous sedi-
ment (Macdonald and Trewin, 1993). The structural geology of this
portion of the fault zone is described by Thomson and Underhill
(1993).
The regional occurrences of hydrocarbon source rocks and oil
shows in sedimentary rocks (Trewin, 1989; Marshall, 1998;
Marshall and Hewett, 2003; Peters et al., 1999; Ghazwani et al.,
2017) raise the possibility that the black veins are hydrocarbon-
bearing. This study assesses:
(i) Whether the veins contain an oil residue, or mobilized
organic-rich shale;
(ii) Whether any organic matter can be attributed to a Devonian
or Jurassic source;(iii) Evidence for the mechanism of emplacement of the veins.3. Methodology
Four sandstone veins (Fig. 3) were sampled (AB1 to AB4) from
the Helmsdale Granite and Devonian breccia in the footwall of the
Helmsdale Fault 200 m north of the mouth of the Allt Briste (Na-
tional Grid Reference ND 052171), and subject to petrographic
study, organic biomarker analysis and sulphur isotope analysis. For
comparison, samples of shale were analysed for biomarkers, from
four Jurassic exposures in the Helmsdale district (J1 to J4, Fig. 1) and
from Devonian clasts in the Helmsdale Boulder Beds at Helmsdale
Harbour (D1, Fig. 1). Petrographic studies allow assessment of the
mechanism of emplacement of the veins, while biomarker analysis
constrains the thermal maturity and source of the organic matter.
Petrographic studies of bituminous rocks were made using an
ISIS ABT-55 scanning electron microscope with Link Analytical 10/
55S EDAX facility.
Rock samples were prepared by rinsing with distilled water two
times, and again with dichloromethane (DCM). The dry rocks were
crushed and extracted using a soxhlet apparatus for 48 h. Solid
bitumen and tar samples were ultrasonicated with DCM and
methanol (MeOH). All glassware was thoroughly cleaned with a
93:7 mixture of DCM/MeOH. Crushed samples were weighed,
recorded and transferred into pre-extracted thimbles. The extracts
were then dried down using a rotary evaporator, separated into
aliphatic, aromatic and polar fractions via a silica column chro-
matography using hexane, hexane/DCM in the ratio 3:1 and DCM/
MeOH respectively. Prior to gas chromatography-mass spectrom-
etry (GC-MS) analysis, an internal standard (5b-Cholane, Agilent
Technologies) was added to the saturate fraction before injection
into the GC-MS machine, and subsequent biomarker identiﬁcation.
This was done using an Agilent 6890N gas chromatograph ﬁtted
with a J&W DB-5 phase 50 m MSD and a quadruple mass spec-
trometer operating in SIM mode (dwell time 0.1 s per ion and
ionisation energy 70eV). Samples were injected manually using a
split/splitless injector operating in splitless mode (purge 40 ml
min-1 for 2min). The temperature programme for the GC oven was
80e295 C, holding at 80 C for 2min, rising to 10 Cmin-1 for 8min
and then 3 Cmin-1, and ﬁnally holding themaximum temperature
Fig. 3. Black veins at Allt Briste, cutting Helmsdale Granite. A, Array of veins, showing
highly irregular margins; B, Vein showing incorporation of clasts of wallrock granite; C,
Detail of vein margin, showing irregular nature.
Fig. 4. Scanning electron micrograph of vein through granite (sample AB1), showing
bitumen (B) and pyrite (Py), in country rock quartz (Q) and feldspar (F), Allt Briste.
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prenoids, hopanes, steranes and diasteranes by measuring re-
sponses of these compounds on m/z 85, 125, 191, 217, 218, and 259
mass chromatograms and comparing them to the response of the
internal standard. Diasteranes are formed by a rearrangement of
steranes during diagenesis and thermal maturation. Biodegrada-
tion causes the breakdown of steranes at a faster rate than dia-
steranes, including in the shallow subsurface in aerobic conditions,
thus the diasterane/sterane ratio (D/S) can be used as a measure of
shallow biodegradation (Seifert and Moldowan, 1979). Evidence for
biodegradationwas also sought in 25-norhopanes, which form nearthe oil-water contact (Bennett et al., 2006) and have been recorded
to be abundant in organic matter from veins in basement rocks
elsewhere (Parnell et al., 2017). Thermal maturity was estimated
from the 20S/20S þ 20R ratio for C29 steranes, based on the
increasing proportion of the S isomer with maturation (Peters and
Moldowan, 1993).
Pyrite separates were then analysed by standard techniques
(Robinson and Kusakabe, 1975). 5e10 mg was utilised for isotopic
analysis. SO2 gas was liberated by combusting the sulphides with
excess Cu2O at 1075 C, in vacuo. Liberated gases were analysed on a
VG Isotech SIRA II mass spectrometer, and standard corrections
applied to raw d66SO2 values to produce true d34S. All SO2 gases
were analysed on a VG Isotech SIRA II mass spectrometer. The
standards employed were NBS-123 and IAEA-S-3, and SUERC
standard CP-1. These gave d34S values of þ17.1‰, 31.6‰
and4.6‰ respectively, with 1s reproducibility better than ±0.2‰
around the time of these analyses. Data are reported in d34S nota-
tion as per mil (‰) variations from the Vienna Canyon Diablo
Troilite (V-CDT) standard.4. Results
4.1. Field and petrographic observations
Both black and white sediment veins occur up to 10 cm width.
They cross-cut both granitic breccia (of assumed Devonian age) and
solid granite (Fig. 3) but were not observed cutting Jurassic sedi-
ments. The veins penetrate in multiple orientations, they are ﬁlled
to their tips, and they show spalling of wall rock from fresh (un-
weathered) fracture walls. The black veins are composed of silt-
stone and ﬁne sandstone, while the white veins consist of ﬁne to
coarse sandstone. In rare cases where their relationship can be
discerned, the black veins cut the white veins. The veins show no
sense of shear, and do not appear to have been injected into a pre-
existing fracture system as they do not show transition into unﬁlled
fractures. Exposures of the Devonian sediment-granite unconfor-
mity 1.5 km distant from the fault at Ousdale (ND 065197) show a
regolithic surface mineralized by ﬂuorite, but no veining (Gallagher
et al., 1971).
Examination of several vein samples through granite and
breccia, by scanning electron microscopy, show masses of solid
carbonaceous material, some of which have associated abundant
pyrite (Fig. 4).
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All of the samples yielded extractable organic matter (EOM),
fromwhich biomarkers were determined. The amounts of EOM, per
unit mass of organic carbon, are higher in the vein samples than in
most of the Jurassic or Devonian shale samples (Table 1). A Single
Jurassic sample also has a high EOM value.
Distributions of n-alkanes (Fig. 5) show that Jurassic samples
exhibit a marked odd/even preference, and that Devonian samples
contain a marked b-carotane peak that is absent from the other
samples. The proﬁles for the vein samples exhibit a limited ‘hump’,
characteristic of an unresolved complex mixture.
The relative proportions of C27, C28 and C29 steranes were
determined from m/z 217 chromatograms (Table 1; Figs. 6 and 7).
The Devonian clasts plot distinct from the other samples as they
have relatively high contents of the C28 sterane. Ratios of diaster-
anes/steranes are in the range 0.17e0.47 with higher values for
veins compared to Jurassic shale samples.
The sterane C29 aa 20S/(20Sþ 20R) values, representing thermal
maturity, are in the range 0.18e0.23 for the Jurassic shales, 0.45 to
0.69 for the Devonian shales, and 0.14 to 0.49 for the veins.
No 25-norhopanes were recorded in any sample.4.3. Sulphur isotopes
Two samples of pyrite from the margins of veins through the
breccia yielded sulphur isotope compositions of þ14.3 and þ 4.1‰.
Pyrite crystals in veins through the granite were too small for
analysis. Two samples of pyrite from the Jurassic boulder beds at
Helmsdale yielded values of 23.0 and 24.0‰.5. Discussion
5.1. Organic matter in veins
The black veins are coloured by organicmatter, and have organic
carbon contents up to 0.3% (Table 1). The organic matter could
simply represent mobilised organic-rich shales, or alternativelyTable 1
Biomarker data for samples of Veins through granite and Breccia, Jurassic shales, and De
Location Grid Ref Sample TOC
(%)
EOM
(%)
EOM/
TOC
C29 D (mg/
gE)
C29 S (m
gE)
Allt Briste
AB1
ND
052171
Vein in
granite
0.28 4.06 14.5 0.006 0.02
Allt Briste
AB2
ND
052171
Vein in
granite
0.19 1.55 8.16 0.003 0.01
Allt Briste
AB3
ND
052171
Vein in
breccia
0.29 2.7 9.31 0.003 0.01
Allt Briste
AB4
ND
052171
Vein in
breccia
0.21 1.9 9.05 0.004 0.01
Helmsdale
D1A
ND
033152
Devonian
Clast
1.44 1.14 0.79 0.15 0.48
Helmsdale
D1B
ND
033152
Devonian
Clast
1.41 3.96 2.81 0.18 0.53
Helmsdale
D1C
ND
033152
Devonian
Clast
1.29 1.42 1.1 0.07 0.40
Helmsdale
J1
ND
047165
Jurassic
Shale
1.29 10.9 8.5 99.08 540.20
Helmsdale
J2
ND
045162
Jurassic
Shale
2.53 4.85 1.92 0.21 1.25
Helmsdale
J3A
ND
036154
Jurassic
Shale
3.07 2.81 0.92 0.64 3.06
Helmsdale
J3B
ND
036154
Jurassic
Shale
2.62 3.57 1.36 0.04 0.21
Portgower ND
014137
Jurassic
Shale
6.02 1.09 0.18 0.49 2.69could represent entrained hydrocarbons. Shale may be emplaced as
dykes, especially within fault zones (e.g. Morley et al., 1998). These
two possibilities can be distinguished using petrographic and
chemical evidence. The masses of carbonaceous matter, without
entrained silicates or other minerals (Fig. 4), suggest bitumen (solid
oil residues). The higher amounts of EOM per unit mass organic
carbon (Fig. 8) further indicate that the organic matter is a migrated
product (i.e. oil) rather than physically mobilized kerogen. The
single example of a Jurassic shale sample with high EOM value
probably reﬂects traces of oil pooled on a bedding surface.5.2. Source of oil
The Devonian samples exhibit a marked b-carotane peak (Fig. 5).
This compound is typical of lacustrine sediments, and is recorded in
previous analyses of Orcadian Basin Devonian samples (Irwin and
Meyer, 1990; Othman Wilson et al., 2014). The peak is absent
from the Jurassic shales and the vein samples, indicating that the
Devonian is not the source of the organic matter in the veins, but
the Jurassic could be the source.
The ternary plot of the relative proportions of the C27, C28 and
C29 aaa R steranes is especially informative (Fig. 7). The Devonian
samples distinctively contain a higher proportion of the C28 sterane,
which is typical of the lacustrine depositional environment. The
Jurassic marine shales contain less of the C28 sterane. The Allt Briste
vein samples all plot within the data ﬁeld of the Jurassic samples.
The diasterane/sterane ratios for the veins are higher than the
ratios for the Jurassic shale samples. These values suggest that the
oil may have experienced limited biodegradation, during residence
in a shallow reservoir. Limited ‘humps’ in the n-alkane chromato-
grams for the vein samples may also indicate minor biodegrada-
tion. The lack of 25-norhopanes is consistent with only minor
biodegradation, and there is no evidence for the extensive
biodegradation found in bitumen in some fractured basement
(Marynowski et al., 2006; Parnell et al., 2017).
The higher sterane C29 aa 20S/(20S þ 20R) values for the
Devonian shale clasts indicate that the organic matter in the clasts
is more thermally mature than that in the Jurassic shales and thevonian clasts in Jurassic, Helmsdale district.
g/ D/S Pr (mg/
gE)
Ph (mg/
gE)
Pr/
Ph
C29 20S/
(20S þ 20R)
C27 S
(%)
C28 S
(%)
C29 S
(%)
0.29 0.35 0.7 0.51 0.49 54 12 34
0.47 0.13 0.3 0.4 0.07 41 14 45
0.23 0.40 0.6 0.72 0.15 31 15 54
0.33 1.20 1.8 0.68 0.23 44 12 44
0.32 1.65 2.1 0.8 0.69 24 40 36
0.34 2.01 2.3 0.9 0.69 21 41 38
0.17 8.97 9.2 0.97 0.45 12 56 32
0.18 1175.45 3818.9 0.3 0.22 23 22 55
0.17 1.54 4.8 0.3 0.22 24 23 53
0.21 7.69 19.5 0.4 0.23 35 21 44
0.19 0.60 1.5 0.4 0.18 17 24 59
0.18 81.55 65.3 1.2 0.21 30 16 54
Fig. 5. Selected ion chromatograms for m/z 85, for vein through granite (sample AB2), vein through breccia (AB4), Jurassic shale (J2), and Devonian clast from Jurassic boulder beds
(D1A). Note odd/even preference for n-alkanes in vein samples and Jurassic shale, and pronounced b-carotane peak in Devonian clast but not in other samples. Hump below vein
samples may reﬂect limited biodegradation.
J. Parnell et al. / Marine and Petroleum Geology 88 (2017) 107e114 111veins. The difference in maturity is also evident from the n-alkane
distributions (Fig. 5), which show an odd/even preference in the
Jurassic, typical of immature sediments (Peters and Moldowan,
1993), but no preference in the Devonian samples, typical of
mature sediments. Marshall (1998) demonstrated that oil
emplacement in Devonian siltstone clasts occurred before incor-
poration into the boulder beds, implying a pre-Mesozoic phase of
oil generation. This, and the apparently lithiﬁed state of the clasts
when incorporated into the boulder beds, also indicates a higher
maturity for the Devonian than in the Jurassic. This evidence
further excludes the Devonian as a source of the organic matter in
the veins. The comparable sterane C29 aa 20S/(20S þ 20R) value
ranges for the Jurassic and vein samples is consistent with a Jurassic
source for the veins.5.3. Vein emplacement
Sandstone veins into older rocks could represent passive inﬁll-
ing of open joints and other fractures, especially at weathered
unconformity surfaces, or forceful penetration under high ﬂuid
pressure (Jolly and Lonergan, 2002; Jonk et al., 2004). The petrog-
raphy of the veins into the Helmsdale Granite, especially the ﬁlling
to vein tips and spalling of fracture walls, suggests forceful pene-
tration. Furthermore, the occurrence of bitumen (solid oil) in the
sediment, and the cross-cutting of at least two vein generations,
implies formation in the subsurface rather than at an exposed land
surface. The Jurassic sediments in the vicinity of the HelmsdaleFault-Great Glen Fault zone exhibit a range of sediment injection
structures, most commonly involving the injection of sandstone
into mudstone (Waterston, 1950; Jonk et al., 2003; Hurst et al.,
2003). The injections occurred while the sediments were not
completely consolidated, and are attributed to high ﬂuid pressures
triggered by movements in the fault zone. One possibility for the
sandstone veins into the Helmsdale Granite is that they belong to
the same family of sediment injections, although only the veins in
the granite are dark-coloured, and this relationship is not consis-
tent with the probable source of oil discussed below. Injected sands
may become pathways for oil migration after emplacement (e.g. De
Boer et al., 2007; Jonk et al., 2007), but there are examples where
the injected sediment is already hydrocarbon-bearing (e.g. Jonk,
2010; Sherry et al., 2012). The ﬂuidization of sand entrained in oil
may occur much more readily than sand entrained in water (Jonk,
2010), so the oil may have been critical to formation of the veins
at Allt Briste. The development of high pore ﬂuid pressure during
oil generation could also contribute to the fracturing of the granite,
as found in several cases of oil/bitumen-bearing vein systems
elsewhere (Parnell et al., 1994; Parnell and Carey, 1995). Although
the veins may originate in the Jurassic, this does not necessarily
mean that the entrained oil is of Jurassic origin. The oil could be of
Devonian age, generated during Mesozoic burial or generated
earlier and re-migrated during fault movements. However the age
of the source rock can be resolved through biomarker distributions.
Given a Jurassic source, the close proximity to the Helmsdale
Fault could reﬂect sediment injection during active movement on
Fig. 6. Selected ion chromatograms for m/z 217, for vein through granite (sample AB2), vein through breccia (AB4), Jurassic Shale (J2), and Devonian clast from Jurassic shale (D1A).
Fig. 7. Ternary plot of relative proportions of C27, C28 and C29 aaa R steranes, for Allt Briste vein samples, Jurassic shales and Devonian shales sampled from clasts in Jurassic boulder
beds at Helmsdale. Devonian samples distinctively contain a higher proportion of the C28 sterane. Vein samples plot with Jurassic samples, and are interpreted to be derived from
Jurassic sediments.
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Fig. 8. Cross-plot of extractable organic matter per gram organic carbon, against Total Organic Carbon. Vein samples show higher proportions of extractable organic matter than
most shale samples, indicating generated oil. A single Jurassic shale sample also may contain generated oil.
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(Wignall and Pickering, 1993; Thierault and Steel, 1995; McArthur
et al., 2013) or later fault motion that has juxtaposed Jurassic ma-
rine shales against granite (Le Breton et al., 2013). Two lines of
evidence indicate a post-Jurassic timing. Firstly, oil in the veins with
a Jurassic signature requires a timing during/after oil generation
from the Jurassic shales. Maturation of the Late Jurassic shales is
estimated to be mid-late Cretaceous in the Inner Moray Firth
(Pearson and Duncan, 1996; Oakman and Partington, 1998). Sec-
ondly, if the veins were syn-sedimentary fault motion, when the
boulder beds were deposited, we might expect some similarity in
the composition of diagenetic pyrite in the boulder beds and in the
veins. However, the two lots of pyrite have compositions separated
by 27e38‰. Despite the limited data base, this difference strongly
suggests that the sulphur in the two settings was derived from a
different source. A post-Jurassic timing suggests that the veins are
probably younger than the other sediment injections in the vicinity
of the Helmsdale Fault-Great Glen Fault zone, as the latter in-
jections formed while the Jurassic sediments were incompletely
consolidated and thus not at the stage of oil generation. The
Helmsdale Granite is cross-cut by extensive fractures that may be
related to un-rooﬁng of the granite in the early Devonian (Gallagher
et al., 1971; Tweedie, 1979). These early fractures are tightly sealed,
and cross-cut by the sediment veins. Fracturing of Permian age,
containing oil residues of Devonian-sourced oil, occur in north
Caithness (Dichiarente et al., 2016), and are probably related to
extension offshore in the West Orkney Basin. Both of these fracture
systems pre-date a Jurassic oil source, and although they could
conceivably be reactivated at a later stage, evidence for Jurassic and
post-Jurassic movements and deformation on the Helmsdale Fault-
Great Glen Fault system imply that there was adequate cause of
new fracturing.
6. Conclusions
The petrographic, organic biomarker and sulphur isotope studyof the granite-hosted black veins adjacent to the Helmsdale Fault
Zone at Allt Briste has contributed to an understanding of their
origin. In particular:
(i) The veins contain relatively high contents of extractable
organic matter, and are thus concluded to contain migrated
oil;
(ii) The organic matter in the veins has a biomarker composition
consistent with derivation from the marine Jurassic shales
exposed in the area, and unlike lacustrine Devonian shales
exposed in the area, and thus they are attributed a Jurassic
sourceThe organic matter in the veins has a thermal maturity
compatible with a Jurassic source, rather than with a Devo-
nian source;
(iii) Vein emplacement occurred forcefully, and was probably
related to post-Jurassic movement along the Helmsdale
Fault.
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